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(57) Abstract 



A portable perfusion/oxygenation module (10) includes 
respiratory gas driven dual positive displacement pumps (22, 24) 
coupled to a stacked membrane oxygenator unit (16) for perfusion 
fluid oxygenation, a valving manifold (26) to control perfusate 
flow direction coupled to an organ chamber (18) designed to 
enable easy installation of organ and maintenance of intra and 
extra organ fluid pressure. The perfusion/oxygenation apparatus 
requires no electrical power, is compact with the total weight being 
less than 50 pounds. With low weight and low flow rate of gas 
required to pump the perfusate, the oxygen supply is capable of 
sustaining pumping operation for 24 hours without gas cylinder 
change. No movable membranes, diaphragms or electrical power 
are required to deliver oxygenated perfusate. 




FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify Slates party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


IS 


Lesotho 


SI 


Slovenia 


AM 


Arm en it 


Fl 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


uz 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


zw 


Zimbabwe 


CI 


Cote d'lvoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 






cu 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






cz 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


LI 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri l-anka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SC 


Singapore 







WO 97/45527 



1 



PCT/US97/09OOO 



TITLE: PORTABLE PERFUSION/OXYGENATION MODULE HAVING 
RESPIRATORY GAS DRIVEN, MECHANICALLY LINKED 
DUAL PUMPS AND MECHANICALLY ACTUATED FLOW 
CONTROL VALVE FOR SLOW PULSATILE CYCLING OF 
OXYGENATED PERFUSATE DURING IN VITRO 
CONSERVATION OF VIABLE TRANSPLANT ORGANS 

Field of the Invention 

The present invention is related generally to organ preservation, and in particular 
to highly portable, nonelectric perfusion apparatus for administering a chilled, oxygenated 
nutrient solution through the vascular bed of an organ following excision of the organ. 

Background of the Invention 

The ability to maintain organs by gravity-fed oxygenated perfusion fluids was 
described as early as 1907 by Locke. Perfusion of oxygenated, balanced salt solutions 
containing sugars to meet energy requirements was shown to be superior to earlier perfusion 
systems where no sugars nor oxygenation was employed. Living hearts have been 
maintained viable for 24 hours using those early systems. Preservation of hearts for 
subsequent transplantation into a recipient animal was also described in literature in 1 960 as 
was the benefit of chilling the organs to 40°C in the storage condition. 

The art and science of organ transplantation has developed rapidly since 1960, due 
largely to improved methods of suppressing immune rejection of the transplanted organ by 
the transplant recipient. Presently, donor organs are collected under sterile conditions and 
are transported to the operating room of a designated base facility where the transplant 
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recipient is standing by. Transportation of the organ is done using portable insulated 
containers kept at 40°C by blocks of ice, the organ itself being suspended in a container 
bathed by the balanced, chilled solution. However, perfusion of fluid through the vessels or 
cavities of the organ is not practiced nor is oxygenation of the solutions, although the value 
of such procedures is established and widely recognized. Failure to apply these preferred 
methods is due to the excess quantity of oxygen required to circulate oxygenated fluid 
through the pressure dependent perfusion pumps. 

Practical use of oxygenated perfusion requires that the organ transport apparatus 
be self-contained, pump for a minimum of 24 hours and have compact size and low weight 
so that one person can carry the entire apparatus unassisted. Its size should allow ready 
transport in standard vehicles such as small cars, helicopters, and jet aircraft. Since fluid 
oxygenation and organ perfusion are not presently used, the distance between donor and 
recipient is severely restricted as unperfused hearts progressively deteriorate. Four hours is 
regarded as the upper limit that a viable organ can be transplanted with a margin of 
anticipated success. 

The ability to transport perfused and oxygenated organs over longer distances 
and/or for longer times would significantly improve the successful use of donor organs 
because (1 ) organs would be in better physiological condition; (2) a larger selection of donor 
organs might become available; (3) time for better donor matching could influence better 
organ acceptability; (4) potential recipients might not have to be restricted to a base site; (5) 
surgical teams could have more predictable scheduling; (6) recipients of better quality organs 
would likely have a shorter clinical recovery and thus better well-being as well as cost 
saving; (7) a world-wide network of donors and recipients would be feasible. 

The use of perfused, oxygenated and nutrient-balanced salt solutions at a reduced 
temperature enhances the viability of the transplant organ in several ways: lowering of the 
perfusion fluid and organ temperature lowers the metabolic activity of the organ's cells and 
hence reduces the demand for physiologic oxygen levels and consumption of nutrients. 
Reduction in cell metabolism also reduces the rate of production of by-products of 
metabolism such as C0 2 and lactic acid, thus further reducing tissue damage and stabilizing 
perfusate pH and osmotic balance. Lowering of the temperature reduces the demand for 
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oxygen and hence protects against inadequate oxygen levels that could result in ischemic 
tissue. In whole blood perfusate, oxygen transport is enhanced as a consequence of the 
hemoglobin in red blood cells serving to load, transport, and unload the oxygen in tissues of 
lower oxygen concentration. 

Since perfusion fluids typically do not contain red blood cells, oxygen 
transportation is a function of the direct solubility of the gas phase (oxygen) in the perfusate 
solution, also being dependent upon the partial pressure of 'the gas phase driving gas in the 
liquid perfusate. Hence, satisfactory oxygen transport is achieved by exposing the perfusate 
to a gas phase under pressure, the pressure available being limited by the design of the 
oxygenating chamber and also by the limits of perfusion pressure that- can be applied within 
the vessels of the perfused organ without causing damage. Because of the low oxygen 
demand of chilled tissue, the solubility of oxygen in water under low partial pressure is 
adequate to supply celltissue needs for maintenance oxygen levels. 

Description of the Prior Art 

Hypothermic perfusion devices with oxygenation potential are known in the art and 
have been shown to work in experimental settings where transport of the apparatus is not 
needed. None of the conventional models, however, meet the requirements of a transport 
device that is readily portable and sparing of oxygen consumption. For example, Doerig U.S. 
Patent 3,914,954 describes an electrically driven apparatus in which the perfusate is exposed 
to atmosphere thus breaking a sterility barrier, that must be operated upright, and consumes 
oxygen at high rates and is heavy. Requirement for electrical power in an oxygen-rich 
container and the availability of portable electrical power limit the practicality of this 
apparatus. 

O'Dell and Gunegin Patent 5,362,622, Patent 5,385,821 and O'Dell Patent 
5,356,771 describe an organ perfusion system that employs either a fluidic logic device or 
a gas pressure driven ventilator pump to cyclically deliver gas to a sealed chamber connected 
to the top of the canister containing the organs. Cyclical, delivery of gas under pressure to 
the upper sealed chamber serves to displace a semi-permeable membrane mounted betw~;, - 
the gas chamber and the fluid containing organ canister. Cyclical membrane displacement 



WO 97/45527 PCT/US97/09000 

4 

serves to transduce the gas pressure into fluid displacement on 'the opposite side, thus 
providing flow of the perfusate solution. 

The membrane is selected for its permeability to gas but not to water, permitting 
oxygen or other gas mixtures to be driven through the membrane into the perfusate or 
alternatively to vent C0 2 from the perfusate. The intent of such membrane pump devices was 
to provide a system that used no electricity, used low gas pressure and volumes to achieve 
perfusate flow, had few moving parts, provided adequate perfusate oxygenation, that could 
be operated in non-upright positions, that isolated the organ and perfusate from atmosphere, 
and as a total package, was of compact size and reduced weight to permit portability. 

Although these designs have proved functional in experimental settings where 
portability was not necessary, these membrane pumps failed to meet the criteria claimed by 
the developers. For example, the transducing permeable membrane requires large volumes 
of gas to transduce the energy into fluid movement, with each cycle requiring several ml of 
gas to achieve a fluid displacement of 30-60 ml/stroke. Extrapolation of these performance 
parameters extended to multiple cycle time periods show that, three or more large capacity 
cylinders would be required to sustain pumping without cylinder replacement for 24 hours. 
These large capacity cylinders each weigh over 20 lbs and do not satisfy the need for a 
readily portable system. The membrane pump apparatus is further limited by the gas 
pressure and volume required to operate a ventilator pump, which is not repairable in the 
field. 

The success of the membrane displacement pump design depends upon the 
membrane dynamic work being repeatable for multiple cycles without tearing or being 
displaced from its margins, the results of which would be catastrophic loss of the perfusion 
function of the device. Available gas permeable membranes are not built to possess 
elastomeric properties. The apparatus is further compromised by a multiple clamping system 
for canister lid fixation and sealing, necessary to sustain pressure differential for pumping, 
consisting of silastic gels, with no design provision to assure against compartment leaks. 

The canister flow design attempts to pulse perfusate both within the perfused organ 
and around the outside of the organ in an attempt to saturate the organ with freshly oxygen- 
ated perfusate. This also increases the demand for volumes of oxygen that are needed to 
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saturate the fluid bathing the organ. This procedure has no physiologic basis since the 
normal routes of tissue oxygenation are achieved by oxygen diffusion outwardly from the 
organ's vascular bed rather than inwardly through the outer capsule. Since the canister loses 
C0 2 , it also loses the added oxygen, the net result being an apparatus whose design is 
wasteful of transportable gas. 

Further, no provisions are made for connecting the donor organ to vessels of 
various sizes as would be experienced intransporting organs from pediatric to adult clinics. 
Further, since the perfused organ vessels and the outside of the organ are exposed to 
pressurized perfusate, the outer pressure resists expansion of the perfused vessels and offers 
a flow resistance to the perfusate within the vessels. Although this could be regarded as a 
safety margin against overexpansion of the vessels, it also introduces the danger that smaller 
vessels and tributaries could be obstructed, thus causing small regions of ischemic tissue. 

Since the pulse volume and pressure can be controlled by the pump, introduction 
of such flow constraints is ill founded. Substitution of a fluidic logic device for a respirator 
pump does allow less gas/cycle to be used. However, it is restrictive in that typical fluid 
logic devices are set to operate within defined gas pressure ranges and preclude ready 
adjustment of flow rates, and being encased valving systems, are not built to allow repair 
if valving fails. 

Summary of the Invention 

The present invention provides an apparatus and method that fulfills these essential 
criteria, namely, the irate of oxygen utilization allows two 250 liter cylinders to supply at 
least twenty-four hours of perfusion time, the entire apparatus its into a standard styrofoam 
ice chest, is readily portable by one person, uses a simple mechanical drive, and has been 
shown to maintain human and animal hearts for 1 8 hours or more with no deleterious effect 
to the perfused and transplanted organ. 

The perfusion apparatus of the present invention utilizes dual positive displacement 
pumps having pistons interconnected in a push-push configuration. The positive 
displacement pistons aye stroked by pressurized oxygen, with liquid perfusate being pumped 
through an oxygenator and into the vascular bed of a donor organ during one piston power 
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stroke. Perfusate that drains from the donor organ is collected in a sealed container and 
returned to the perfusate pump reservoir in response to a power stroke by the other pump. 

Pressurized oxygen from a portable supply is alternately directed to the pressurized 
gas chambers of the first and second pumps by a two port, double-throw flow control valve. 
The outlet ports of the double-throw control valve are selected by an actuator arm that is 
mechanically coupled to the commonly connected piston rods of the dual pumps. The supply 
port is switched between the outlet ports in response to shifting movement of the actuator 
arm. 

The actuator arm is shifted forward and reverse in response to forward and reverse 
stroking movement of the commonly connected piston rods. The valve actuator arm is 
engagable by over-center toggle linkage actuators that are spring-biased for rapid shifting 
movement away from an overcenter neutral position in response to forward and reverse 
piston stroke movement. 

According to this arrangement, the two-port, doublethrow control valve, dual 
pistons and over-center toggle linkage operate in a free-running, astable multi-vibrator mode 
of operation. In this free-running mode, the pistons stroke in a reciprocal push-push 
arrangement that continuously supplies oxygen to the oxygenator, while slowly discharging 
perfusate through the oxygenator and into the organ at a first pressure level corresponding 
approximately to systolic pressure during the first stroke, and then returning spent perfusate 
collected in the organ container back into the peyfusate pump reservoir and into the 
oxygenator at a second pressure level corresponding approximately to diastolic pressure 
during the second stroke. Preferably, the inlet oxygen pressure to the pistons is adjusted to 
provide relatively slow charge and return, with systolic/diastolic pressure strokes cycling in 
the range of about 1 .5 to about 2 strokes per minute. 

Brief Description of the Drawings 

The present invention may be better understood and its advantages will be apparent 
to those skilled in the art by reference to the accompanying drawings wherein like reference 
numerals refer to like elements in the several figures, and wherein: 

FIGURE 1 is a simplified hydraulic circuit diagram showing the intercoms ^ 
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of 'the principal components of a portable perfusion apparatus of the present invention; 

FIGURE 2 is an elevational view, partially broken away and partially in section, 
showing a donor organ suspended within an organ container and coupled to an oxygenator 
for receiving freshly oxygenated perfusate; 

FIGURE 3 is a side elevational view thereof, with ice packs surrounding the organ 
container; 

FIGURE 4 is a top plan view thereof; 

FIGURE 5 is a simplified pneumatic and hydraulic diagram which illustrates the 
interconnection of dual, positive displacement pumps having piston rods commonly 
connected in a push-push arrangement for charging the oxygenator with perfusate and 
returning spent perfusate to the primary pump; 

FIGURE 6 is a top plan view of -the dual pump combination shown in FIGURE 
5, which illustrates details of a springbiased, over-center toggle linkage valve actuating 
apparatus; and, 

FIGURE 7 is a graph illustrating the time variation of systolic and diastolic 
pressure of oxygenated perfusate that is administered through the vascular bed of the organ 
shown in FIGURE 2. 

Detailed Description of the Preferred Embodiment 

Referring now to FIGURE 1 of the drawings, the combination perfusion/oxygena- 
tion apparatus 10 of the present invention provides chilled, oxygenated perfusate at a slow 
delivery rate for nourishing and conserving a viable, human heart 12. Although ** 
exemplary embodiment features a human heart, other organs that have an identifiable 
vascular system for carrying blood with separate in-flow and out-flow vessels can be 
nourished and maintained in a viable condition by the perfuming apparatus of the presciu 
invention, for example kidneys, livers, thyroids, lungs, intestines, pancreas reproductive 
organs, brains, spleens, as well as severed limbs and the like. The perfuming apprra in 
can be used for conserving organs and body parts of test animals such as mice, rats, dogs and 
cats, provided that the vascular in-flow vessel of the animal organ is sufficiently :arge to 
attach onto a fluid conduit. 
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Referring now to Figure 1, Figure 2, Figure 3, Figure 4 and Figure 5, the perfusion 
apparatus 10 of the present invention includes a paiy of compressed oxygen cannisters 
connected in parallel thereby defining a portable oxygen supply 14, an oxygenator assembly 
16, an organ container 18 having a sealed chamber 20, a pneumatic actuator 22, a positive 
displacement pump 24, a flow control valve 26 and a mechanical switching assembly 28 for 
actuating the control valve 26. 

The oxygen supply 14 is coupled to the control valve 26 through a pressure 
regulator 30, a supply conduit 32 and a float regulator 34. The compresse oxygen supply has 
a capacity of approximately 450 liters of respirable oxygen. 

Compressed oxygen is conducted -through the control valve to the pneumatic 
actuator, the positive displacement pump and the oxygenator. The oxygenator has first and 
second oxygenator compartments 36, 38 that are divided by first and second oxygen 
permeable membranes 40, 42, respectively, thereby defining an oxygen chamber 44 and a 
perfusate chamber 46 in the first oxygenator compartment 36, and defining an oxygen 
chamber 48 and a perfusate chamber 50 in the second oxygenator compament 38. The 
oxygen chambers 44, 48 are connected in flow communication with each other and with an 
oxygen supply part 52 by a bore 54. The perfusate chambers 46,50 are connected in flow 
communication with each other by a bypass tube 56. The perfusate chamber is connected 
in flow communication with a perfusate supply port 58, and the perfusate chamber 50 is 
connected in flow comunication with the sealed organ chamber 20 through a delivery tube 
60. As oxygen flows across the membranes 40, 42, some of the oxygen is transferred across 
the membranes and is absorbed by the perfusate. The oxygenated perfusate 62 id discharged 
into the vascular bed of the organ 12, in this instance a human heart, through the aorta and 
into an artery that bypasses the aorta valve, into the capillary vessels that nourish the heart 
muscle tissue. The organ chamber is cooled by ice packs 64 that surround the organ 
container 18. 

The pneumatic actuator has a cylindrical bore 66 and a piston 68 that moves axially 
through the bore, thereby defing a compressed gas chamber 69. Likewise, the pump 24 has 
a cylindrical bore 70 and a piston 72 that is axially movable through the bore, thereby 
defining a compressed gas chamber 74 and a perfusate chamber 76. A piston rod 76 
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connects the pistons 68, 72 together fer concurrent stroking movement. 

The control valve 26 has a supply port S connnected to the compresed oxygen 
supply 14 and f irst and second outlet ports A,B coupled to the compressed gas chambers 
69,76 of the pneumatic actuator and the pump 24, respectiely. An actuator arm 78 is coupled 
to the common piston rod 76 for switching the supply port S in flow co unica-tion with the 
first and second control valve out-let ports A,B in response to forward and reverse stroking 
movement of the commonly connected pistons. 

First and second supply conduits 80, 82 connect the outlet ports A,B in flow 
communication with the compressed gas chambers 69,76 of the pneumatic actuator and the 
pump, respectively. A supply conduit 82 connects the perfuseate reservoir chamber 76 of 
the pump in flow communication with the perfusate chamber supply port 58, and a first 
return conduit 84 connects 'the sealed organ chamber in f low communication with the 
perfusate reservoir chanber supply port 52. A second return conduit 86 connects the organ 
chamber in flow communication with the oxygenator perfusate supply port 58. An oxygen 
supply conduit 88 and a supply conduit 90 connect the oxygen supply port to the oxygenator 
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What is Claimed is: 

] . Perfusion apparatus of the type including a sealed chamber for administering 
oxygenated perfusate into an organ, an oxygenator having a perfusa-te supply port for 
receiving liquid perfusate and an oxygen supply port for receiving pressurized oxygen, 
characterized by: 

a positive displacement pump having a compressed gas chamber and a 
perfusate reservoir chamber separated by a movable piston, a linear actuator having a 
compressed gas chamber a piston movable through the compressed gas chamber; a piston rod 
connecting the pump piston and the actuator piston together for concurrent stroking 
movement; a control valve having a supply port for receiving compressed oxygen from a 
supply and first and second outlet ports coupled to the compressed oxygen chambers of 
thepneumatic actuator and the perfusate pump, respectively, and an actuator arm coupled to 
the common piston rod for switching the supply port in flow communication with the first 
and second outlet control valve outlet ports in response to forward and reverse stroking 
movement of the commonly connected piston rods, respectively; first and second supply 
conduits connecting the first and second control valve outlet ports in flow communication 
with the oxygen chamber of the oxygenator; a supply conduit connecting the perfusate 
reservoir chamber of the pump in flow communication with the perfusate chamber of the 
oxygenator; a first return conduit connecting the sealed organ chamber in flow communica- 
tion with the perfusate reservoir chamber of the pump; and a second return conduit 
connecting the sealed organ chamber in flow communication with the oxygenator perfusate 
chamber. 

2 . Perfusion apparatus of the type having a sealed chamber for receiving an organ 
and an oxygenator having a perfusate supply port for receiving liquid perfusate, and an 
oxygen supply port for receiving pressurized oxygen, and a membrane for transferring the 
oxygen into the liquid perfusate, characterized in that: 

said oxygenator having first and second oxygenation compartments, the first 
and second oxygenation compartments being divided by first and second oxygen permeable 
membranes, respectively, thereby defining a perfusate chamber and an oxygen chamber in 
each compartment, respectively, wherein the oxygen chambers are connected in flow 
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communication with the oxygen supply port and the perf usate chambers arc connected in 
flow communication with each other, the first perfusate chamber being connected in flow 
communication with the pefusate supply port and the second perfusate compartment being 
connected in flow communication with the sealed organ chamber. 

3. Perfusion apparatus of the type including a sealed container for perfusing an 
organ with liquid perfusate solution and an oxygenator having an oxygen chamber and a 
perfusate chamber for transferring oxygen from a supply of compressed oxygen to the 
perfusate solution before the perfusate solution is administered to the organ, characterized 
by: 

first and second positive displacement pumps each having a compressed gas 
chamber and a reservoir chamber separated by a movable piston, the pistons of the first and 
second pumps each having piston rods commonly connected for concurrent stroking 
movement, a control valve having a supply port, first and second outlet ports and an actuator 
for selectively directing pressurized oxygen into the compressed gas chambers of the first 
second pumps, respectively, in response to shifting movement of the actuator, shifting 
apparatus coupled between the actuator and the commonly connected pistons for shifting the 
actuator in the direction of piston stroke movement, first and second power conduits 
connecting the first and second control valve outlet ports in flow communication with the 
compressed gas chambers of the first and second pumps, respectively, first and second 
supply conduits connecting the first and second control valve outlet ports in flow 
communication with the oxygen chamber of the oxygenator, a first return conduit connecting 
the oxygenator perfusate in flow communication with the pump perfusate reservoir chamber, 
and a second return conduit connecting the organ container chamber in flow communication 
with the pump perfusate reservoir chamber. 

4. Self-contained, portable perfusion apparatus comprising, in con b r t?on: 
a portable supply of compressed gas; 

first and second positive displacement pumps, each pump having a cylindrical 
bore, a piston movable through the cylindrical bore thereby dividing the cylindrical i>c 
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a compressed gas chamber and a perfusate reservoir chamber, and a piston rod attached to 
the piston and projecting through the reservoir chamber of each pump, respectively, the 
piston rods being connected together for concurrent stroking movement; 

a control valve having a supply port connected to the compressed gas supply, 
a first outlet port and a second outlet port, and an actuator for switching the supply port in 
f low communication with the f irst outlet part in response to shifting movement of the 
actuator to a first position, and for switching the supply port in flow communication with the 
second outlet port in response to shifting movement of the actuator to a second position; 

shifting apparatus movably coupled to the control valve actuator arm and to 
the connected piston rods for shifting the actuator in the direction of piston stroking 
movement; 

an organ container having a sealed chamber for receiving an organ; 

an oxygenator assembly having an oxygen chamber, a perfusate chamber, an 
oxygen permeable membrane separating the oxygen chamber and the perfusate chamber, and 
a delivery tube connecting the perfusate chamber in flow communication with the organ 
chamber; 

first and second power conduits connecting the first and second control valve 
outlet ports in flow communication with the compressed gas chambers of the first and second 
pumps, respectively; 

first and second supply conduits connecting the first and second control valve 
outlet ports in flow communication with the oxygen chamber of the oxygenator; 

a first return conduit connecting the organ chamber in flow communication 
with the pump perfusate reservoir chamber; and, 

a second return conduit connecting the organ chamber of the oxygenator in 
flow communication with the oxygenator perfusate reservoir chamber. 

5 . A self-contained, portable perfusion apparatus comprising, in combination: 
a portable supply of compressed oxygen; 

a sealed chamber for administering oxygenated perfusate into an organ; 
an oxygenator having a perfusate supply port f or receiving liquid perfusate and 
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an oxygen supply port for receiving compressed oxygen; 

a positive displacement pump having a compressed chamber and a perfusate 
reservoir chamber separated by a movable piston; 

a pneumatic actuator having a compressed gas chamber and a piston movable 
through the compressed gas chamber; 

a piston rod connecting the pump piston to the pneumatic actuator piston 
thereby providing concurrent stroking movement of the pistons; 

a control valve having a supply port coupled to the compressed oxygen supply 
and having first and second outlet ports coupled to the compressed oxygen chambers of the 
perfusate pump and the pneumatic actuator, respectively, and having an actuator arm coupled 
to the common piston rod for switching the supply port in flow communication with the first 
and second control valve outlet ports in response to forward and reverse stroking movement 
of the commonly connected pistons, respectively; 

first and second supply conduits connecting the first and second control valve 
outlet ports in flow comiaunication with the oxygen chamber of the oxygenator; 

a supply conduit connecting the pump perfusate reservoir chamber in flow 
communication with the oxygenator perfusate chambers; 

a first return conduit connecting the sealed organ chamber in flow 
communication with pump perfusate reservoir chamber; and, 

a second return conduit connecting the sealed organ chamber in flow 
commmunication with the oxygenator perfusate chamber, 

6. A self- contained, portable perfusion apparatus comprising, in combination: 
portable supply of compressed oxygen; 

a positive displacement pump having a bore, a piston movable through the hnro 
thereby dividing the bore into a compressed gas chamber and a perfusate reservoir chamber; 

a pneumatic actuator having a bore and a piston movable through the bore 
thereby defining a movable boundary for the compressed gas chamber; 

a piston rod attached to the pump piston and the actuator piston thereby 
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providing concurrent piston stroking movement; 

a control valve having a supply port connected to the portable oxygen supply 
and having first and second outlet ports coupled to the compressed oxygen chambers of the 
pneumatic actuator and the perfusate pump; respectively; 

the control valve having a actuator arm for switching the supply port in flow 
communication with the first valve outlet port in response to shifting movement of the 
actuator arm to a first position, and for switching the supply port in flow communication wi- 
the the second valve outlet port in response to shif ting movement of the actuator arm to a 
second position; 

shifting apparatus movably coupled to the control valve actuator arm and to 
the common piston rod f or shifting the actuator arm to the first position and to the second 
position in response to forward and reverse stroking movement of the commonly connected 
pistons, respectively; 

a oxygenator having an oxygen chamber, a perfusate chamber and an oxygen 
permeable membrane for transferring oxygen into the perfusate chamber; 

a sealed container for administering oxygenated perfusate into an organ 
contained within the sealed organ chamber; 

power conduits connecting the first and second control valve outlet ports in 
flow communication with the compressed gas chambers of the pneumatic actuator and 
perfusate pump, respectively; 

supply conduits connecting the first and second valve outlet ports in flow 
communication with the oxygen chamber of the oxygenator; 

a supply conduit connecting the pump perf usate reservoir in flow 
communication with the oxygenator perfusate chamber; and 

first and second return conduits connecting the organ chamber in flow 
communication with the pump perfusate reservoir and the oxygenator perfusate chamber, 
respectively. 

a sealed chamber for administering oxygenated perfusate into an organ; 
an oxygenator having perfusate supply port for receiving liquid perfusate and 
an oxygen supply port for receiving compressed oxygen; 
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a positive displacement pump having a compressed gas chamber and a 
perfusate reservior chamber separated by a movable piston; 

a pneumatic actuator having a compressed gas chamber and vent chamber 
separated by a movable piston; 

the pump piston and the actuator piston having piston rods connected together 
for concurrent stroking movement; 

a control valve having a supply port for receiving compressed oxygen from the 
portable supply and first and second outlet ports coupled to the compressed oxygen chamber 
of the linear actuator and the perfusate pump, respectively, and an actuator arm coupled to 
the commonly connected piston rods for switching the supply port in flow communication 
with the first and second control valve outlet ports in response to forward and reverse 
stroking movement of the commonly connected piston rods, respectively; 

first and second supply connecting the first and second control valve outlet 
ports in flow communication with the oxygen chamber of the oxygenator; 

a supply conduit connecting the pump reservoir chamber in flow 
communication with the oxygenator perfusate chamber; 

a first return conduit connecting the sealed organ chamber in flow 
communication with the pump reservoir chamber; and 

a second return conduit connecting the sealed organ chamber in flow 
communication with the oxygenator perfusate chamber. 
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